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I N F E C T I O U S  D I S E A S E S

Incomplete genetic reconstitution of B cell  
pools contributes to prolonged immunosuppression 
after measles
Velislava N. Petrova1*, Bevan Sawatsky2, Alvin X. Han3,4, Brigitta M. Laksono5, Lisa Walz2†, 
Edyth Parker4, Kathrin Pieper6, Carl A. Anderson1, Rory D. de Vries5, Antonio Lanzavecchia6, 
Paul Kellam7,8‡, Veronika von Messling2‡§, Rik L. de Swart5‡, Colin A. Russell4‡*

Measles is a disease caused by the highly infectious measles virus (MeV) that results in both viremia and lymphopenia. 
Lymphocyte counts recover shortly after the disappearance of measles-associated rash, but immunosuppression 
can persist for months to years after infection, resulting in increased incidence of secondary infections. Animal 
models and in vitro studies have proposed various immunological factors underlying this prolonged immune 
impairment, but the precise mechanisms operating in humans are unknown. Using B cell receptor (BCR) sequencing 
of human peripheral blood lymphocytes before and after MeV infection, we identified two immunological con
sequences from measles underlying immunosuppression: (i) incomplete reconstitution of the naïve B cell pool 
leading to immunological immaturity and (ii) compromised immune memory to previously encountered pathogens 
due to depletion of previously expanded B memory clones. Using a surrogate model of measles in ferrets, we 
investigated the clinical consequences of morbillivirus infection and demonstrated a depletion of vaccine-acquired 
immunity to influenza virus, leading to a compromised immune recall response and increased disease severity 
after secondary influenza virus challenge. Our results show that MeV infection causes changes in naïve and memory 
B lymphocyte diversity that persist after the resolution of clinical disease and thus contribute to compromised 
immunity to previous infections or vaccinations. This work highlights the importance of MeV vaccination not only 
for the control of measles but also for the maintenance of herd immunity to other pathogens, which can be com-
promised after MeV infection.

INTRODUCTION
Measles is a highly contagious infectious disease caused by measles 
virus (MeV). Vaccination via the measles-mumps-rubella (MMR) 
vaccine has been a major factor in reducing childhood morbidity 
and mortality, with an ~80% reduction in measles cases between 2000 
and 2017 (with an estimated 21.1 million lives saved) (1). However, 
the rise of antivaccination campaigns and nonvaccinating religious 
communities, together with the limited access to the vaccine in some 
geographic areas, challenges the maintenance of herd immunity and 
leaves millions of people unprotected. Outbreaks in unvaccinated 
communities led to 110,000 measles deaths globally in 2017, making 
measles one of the leading causes of infectious disease–associated 
childhood mortality (2).

MeV infection is associated with strong immune activation, gen-
eration of lifelong immunity to subsequent MeV infection, and, 
paradoxically, profound immunosuppression (3, 4). The immuno-
logical consequences of measles have been shown to persist up to several 
years after infection, leading to an increased rate of childhood mor-
tality (5). A recent cohort study of measles in the United Kingdom 
showed that ~10 to 15% of children showed signs of immunosup-
pression 5 years after having measles, leading to increased incidence 
of secondary infections (6). In vitro and in vivo studies of MeV 
infection in macaques have suggested both direct and indirect mech-
anisms for MeV-induced immunosuppression including lymphopenia 
(7, 8), inhibition of lymphocyte proliferation (9, 10), skewing toward 
type 2 cytokine responses (11), and a depletion of immunological 
memory (12, 13). However, the exact mechanisms underlying measles-
associated immunosuppression in humans remain poorly characterized.

MeV can infect B and T lymphocytes, dendritic cells, hemato-
poietic stem cells (HSCs), and macrophages expressing the cellular 
receptor CD150 (14, 15). Although the levels of total circulating 
lymphocytes recover by 4 weeks after infection (16), measles has been 
shown to result in depletion of specific B and T memory cell subsets 
and an increase in newly generated transitional B cells, suggesting a 
form of immune resetting (17). It remains unclear whether adaptive 
immune cells recover their complete breadth of antigen specificities 
to ensure efficient recognition of novel antigens and recall responses 
to previously encountered ones.

The ability of the adaptive immune cells to recognize different 
antigens is determined by the genetics of their immune receptor 
molecules. For B cells, the binding of the B cell receptor (BCR) vari-
able region to an antigen leads to clonal expansion of B cells with 
specific BCRs and further mutations in immunoglobulin genes to 
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improve antigen binding affinity (18). Therefore, the degree of 
sequence diversity of BCR genes reflects the breadth of the BCR 
repertoire after antigen exposure (19). Because the immunoglobulin 
sequence underlies BCR specificity and antibody effector functions, 
we hypothesized that changes in circulating B lymphocytes after 
MeV infection would be reflected in the genetic composition of the 
immune receptor repertoire of MeV-infected individuals, particu-
larly because naïve and memory B cells are both targets of the MeV 
infection. Therefore, we used isotype-resolved immune receptor 
sequencing (20) to monitor the BCR repertoire diversity in periph-
eral blood of unvaccinated children from an Orthodox Protestant 
community in the Netherlands sampled before and after measles 
[see Materials and Methods and (17) for details] to investigate the 
contribution of B cell impairment to measles-associated immuno-
suppression.

RESULTS
Dynamics of lymphocyte cell counts after measles
We characterized the genetic changes in the B naïve and B memory 
compartments of 26 unvaccinated children after measles (Fig. 1A 
and table S1). We used the sequence identity of the BCR to follow 
the changes of individual B cell clones in post-infection samples. To 
reduce the impact of background variation in immune composition 
over time and to distinguish MeV-specific effects from exposure to 
other antigens, we included two control groups: (i) unvaccinated 
children from the same community who did not develop measles 
and did not seroconvert during the study period and (ii) adults 

vaccinated with a trivalent inactivated influenza vaccine (TIIV) and 
sampled at similar time intervals (table S2).

We first sorted naïve and memory B and T cells (sorting strategy 
summarized in fig. S1) and determined the changes in their relative 
frequencies across sampling time points (table S2). To avoid any 
biases introduced by differences in repertoire sampling across time 
points or cell-specific differences in BCR RNA expression, we 
ensured consistent cell counts and sequencing depth for each cohort 
across time points (fig. S2 and tables S2 and S3) and removed the 
plasmablasts (CD19+CD27+CD38+) from B memory populations 
(fig. S1). Measles cases sampled >14 days after rash (20 of 26 MeV-
infected individuals) did not show significant changes (P > 0.05) in 
the frequencies of lymphocyte populations (CD19+CD27− B naïve 
cells, CD19+CD27+ B memory cells, CD3+CD45RA+ T naïve cells, 
and CD3+CD45RO+ T memory cells) across time points (Fig. 1B). 
Similar consistency in frequencies of sampled lymphocyte was also 
observed for uninfected and vaccinated controls. The consistent 
lymphocyte counts across sampling time points suggest that any 
observed changes in BCR repertoire composition result from in-
complete recovery of preinfection diversity rather than differences 
in the number of sampled cells.

Incomplete recovery of the genetic composition of naïve 
BCR repertoires after measles
Having ensured similar B cell counts across time points (fig. S2A), 
we investigated the qualitative changes in the genetic composition of 
the B cell populations as reflected in the diversity of immunoglobulin 
heavy chain (IGH) gene sequences. Although MeV successfully infects 
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Fig. 1. Sampling strategy and lymphocyte dynamics across time points. (A) Expected timeline of MeV infection and associated lymphopenia based on disease pro-
gression in macaque model of measles (13). Sampling time points for MeV-infected cases and seronegative controls are shown relative to the onset of rash (day 0). Neg-
ative and positive values on the x axis show sampling before and after rash, respectively. The size of the dots represents the level of detected anti-MeV IgG in serum of 
each individual at the time of sampling (table S1). Three individuals remained seronegative (B55, B56, and B99) at both sampling points and were used as uninfected 
controls. Individual B56 reported rash but did not seroconvert. Sample name labels include the age of each individual followed by the unique sample identifier. (B) Fre-
quencies (as percentages of the total sorted live PBMCs for each individual) of FACS-sorted lymphocyte populations across time points (“1.PRE”: before infection; “2.POST”: 
after infection, influenza vaccination or across the two sampling time points for the uninfected individuals). Only measles cases sampled >14 days after rash were included 
in the “Measles” group in (B), and the “Vaccine” group represents individuals vaccinated with TIIV. No significant changes were detected in case or control groups across 
time points (Wilcoxon signed-rank test with Bonferroni correction for multiple comparisons). FACS-sorted cell counts are shown in table S2. Gating strategy is shown in fig. S1.
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B naïve cells, these cell populations have been shown to recover to 
normal frequencies after measles (17). In healthy individuals, the 
naïve B cell compartment is maintained via homeostatic prolifera-
tion of hemopoietic B cell progenitors in the bone marrow, which 
shapes the genetic diversity of the naïve BCRs (21). Therefore, we 
hypothesized that if the bone marrow niche is not impaired after 
MeV infection, the recovered naïve B cell frequencies would result 
in similar genetic composition as before infection. To remove any 
contamination of the B naïve compartment with antigen-exposed 
CD19+CD27− B cells, we considered as naïve cell–derived only un-
mutated BCR transcripts associated with immunoglobulin M (IgM) 
or IgD isotypes.

Naïve B cells sampled from the same individual across time points 
showed high correlation of IGHV-J gene frequencies in control 
groups (R2 = 0.96 and 0.92 in vaccinated and uninfected control 
groups, respectively) without significant differences in gene expression 
(P > 0.05, Wilcoxon signed-rank test) (Fig. 2A). In contrast, despite 
the recovery to preinfection cell frequencies, measles cases showed 
significant changes in IGHV-J gene frequencies (P = 0.01) and 
reduced correlation in gene expression (R2 = 0.78) (Fig. 2A). The shift 
in IGHV-J gene frequencies was extreme in two individuals who 
exhibited significant change in IGHV-J frequencies [B35, P = 1.2 × 10−13; 
B42, P = 2.4 × 10−6; false discovery rate (FDR)–corrected Wilcoxon 
signed-rank test]. This marked effect on the genetic composition of 
the B naïve compartment was not driven by any technical biases in 
sorted B cell populations or BCR repertoire capture (see the Supple-
mentary Materials). To assess whether genetic restructuring in the 
naïve compartment occurred in the rest of the measles cases but in 
a less extreme phenotype, we next followed the genetic changes in 
BCR repertoire at the level of clonotypes. Because the naïve com-
partment consists of antigen-inexperienced B cell clones that have 
not undergone clonal expansion, the “clonotype” definition (BCR 
sequences with identical IGHV and IGHJ genes and CDR3 amino 
acid length) used here reflects changes in the general features of the 
genetic composition of the naïve compartment rather than a change 
in the size of specific clonally related populations. In addition to 
individuals B35 and B42, significant changes in clonotype frequency 
were observed in 60% of measles cases (fig. S3) compared with 30% 
of vaccinated individuals and none of the uninfected controls.

Changes in naïve repertoire composition in the entire measles 
cohort were further evident in the significant shift to shorter CDR3 
length observed across the entire measles cohort (P = 0.0006, 
Wilcoxon signed-rank test across mean CDR3 length per IGHV 
gene) (Fig. 2B). This effect represented a global pattern of CDR3 
length distribution in the naïve repertoire and was maintained even 
after removal of individuals B35 and B42 (P = 0.0004). The skew to 
shorter CDR3 lengths was not observed in uninfected or vaccinated 
controls (Fig. 2B).

Signatures of immunological immaturity of the naïve BCR 
repertoires after measles
The change in IGHV-J gene frequencies in individuals B35 and B42 
was driven by a loss of ~80% of IGHV genes and a shift to IGHD-
proximal IGHV gene usage (Fig. 2, C and D). The previously dominant 
IGHV4-34 and IGHV3-23 genes were reduced ~300-fold (down to 
≈0.04%) in individual B35 and were completely undetectable in 
B42. The IGHD-proximal IGHV gene IGHV2-5 previously reported 
to be enriched after B cell depletion (22) was also overrepresented in 
individuals B35 and B42 after MeV infection, constituting 10 and 

18% of the total BCR repertoire, respectively. Such a skew in IGHV 
gene representation was not observed in any of the other MeV-
infected individuals or the influenza-vaccinated group and is unlikely 
to represent an antigen-driven effect (Fig. 2E).

Despite the expression of a restricted number of IGHV genes 
(i.e., only 30 of 300 possible IGHV-J gene combinations), the naïve 
repertoires of both B35 and B42 were represented by 23 different 
CDR3 lengths, varying between 7 and 31 amino acids (mean, 17 
amino acids). This suggests that the shift in variable gene expression 
was not driven by an expansion of a single or limited number of 
naïve B cell progenitors, which would result in a clonal population 
of B cells with identical IGHV-D-J recombination, as observed in 
the context of B cell malignancies. Network analysis (23) of BCR 
repertoire diversity of individuals B35 and B42 compared with a 
patient with chronic lymphocytic leukemia (CLL) and an individual 
after influenza vaccination further confirmed the lack of expansion 
of single BCR sequences and showed high clonal diversity of the 
naïve B cell compartment after MeV infection [Fig. 2F, largest net-
work cluster size: 1.1% (B35) and 0.73% (B42) compared with 89% 
for CLL and 2.6% for postvaccine clusters]. The high BCR nucleotide 
diversities in individuals B35 and B42 suggest a successful genera-
tion of new naïve B cells but with preferential use of a limited number 
of IGHV-J gene combinations with an overrepresentation of IGHD-
proximal IGHV genes (Fig. 2, B and C).

The recognition of new antigens is dependent on the availability 
of a diverse pool of naïve cells. The restricted use of specific IGHV 
genes of the naïve BCR repertoire after measles would likely limit an 
individual’s ability to respond to a novel antigen challenge and lead 
to increased susceptibility to infections, as observed in neonates 
(24). Similar genetic skewing in BCR recombination toward IGHD-
proximal IGHV genes is a hallmark of the early stages of fetal B cell 
repertoire development and, together with the overrepresentation of 
B cells with short CDR3s, is a marker of immature BCR repertoires 
(25, 26). These observed signs of immunological immaturity (27) 
are consistent with the increase in transitional B cells after measles 
(17) and suggest a delayed immune reconstitution that would not 
be detected by looking at naïve cell counts alone.

Changes in genetic diversity and isotype composition of B 
memory cells after measles
The observed restructuring in the B naïve compartment after measles 
can explain the increased susceptibility to secondary infections after 
measles due to the restricted ability to generate novel B cell responses. 
However, the increased rate of secondary infections after MeV 
infection could also result from compromised immune memory to 
previously encountered antigens, which is masked by the generation 
of measles-specific B cell clones [referred to as immune amnesia 
(12, 13, 17, 28)]. To test the immune amnesia hypothesis, we used 
the genetic changes in the B cell compartment to follow the dynamics 
of preexisting immune memory and the generation of measles-specific 
response after infection.

Uninfected and vaccinated controls exhibited a stable genetic 
composition of B memory cells without significant changes in CDR3 
lengths or mutational frequency of IGHV genes across time points 
(P > 0.05, Wilcoxon signed-rank test per IGHV gene) (Fig. 3A). By 
contrast, B memory cell populations after measles showed significant 
increases in mutational frequency (P = 0.0008) and a reduction in 
CDR3 length (P = 0.017) of IGHV genes, consistent with the strong 
immune activation caused by MeV (13).
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To study the effect of 
MeV infection on specific 
subsets of B memory cells 
(CD19+CD27+), we next 
followed the changes in 
genetic composition of B 
cells of different isotypes 
based on the expression 
of isotype-specific BCRs. 
Vaccinated and uninfected 
controls showed highly 
stable isotype profiles 
across time points with-
out significant changes in 
frequency of any BCR 
isotype (Fig. 3B). By con-
trast, patients with measles 
exhibited a significant re-
duction in IGHD isotype 
frequency and an increase 
in class-switched IGHG1 
and IGHG2 classes (P < 
0.05, Wilcoxon rank-sum 
test). The reduction in 
frequency of unswitched 
IGHD populations was 
associated with reduced 
CDR3 lengths and in-
creased mutational fre-
quencies (Fig. 3C), which 
were not observed in vac-
cinated or uninfected con-
trols. Similar patterns of 
IGHD+ B cell dynamics have been previously characterized after 
B cell–depleting therapy (22) and suggest a prolonged effect of 
measles-associated lymphopenia on the unswitched B memory 
compartment.

Depletion of previously expanded B memory cells after measles
The overrepresentation of IGHG1 and IGHG2 isotypes was not 
driven by a single clonal expansion, and IgG1 and IgG2 B cell sub-
sets after MeV infection showed significant reductions in the size of 
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the most expanded BCR clones (Fig. 4A). Given the reduction in the 
level of clonal expansion in IgG1 and IgG2 memory cells, coupled 
to an increase in the overall frequency of these B cell subsets, we 
hypothesized that these B memory subsets experience a depletion of 
previously expanded B cell clones and a repopulation with new 
B memory cells with a lower degree of clonal expansion. We identi-
fied a significant correlation between the preinfection frequency 
of individual IGHV-J gene combinations and their reduction in 
abundance after infection with the most frequent combinations 

undergoing the most marked depletion after measles (Fig. 4B). This 
genetic restructuring leads to significant changes in IGHV-J gene 
usage in IgG1, IgG2, and IgG3 populations (P values: IgG1, 9.8 × 
10−4; IgG2, 7.52 × 10–5; and IgG3, 6.7 × 10−4) and were coupled to 
an increase in genetic diversity of these subsets (Fig. 3C). Similar 
increases in diversity of the B memory repertoire were also observed 
in the IgA2 compartment likely corresponding to repopulation of 
B cells at mucosal sites, where these subsets are most commonly 
found (29).

�80

�40

0

40

0 20 40 60 80

Baseline VgeneFq (%) 

D
iff

er
en

ce
 fr

om
 b

as
el

in
e 

V
ge

ne
Fq

 (%
)

�25

0

25

0 10 20 30 40 50

D
iff

er
en

ce
 fr

om
 b

as
el

in
e 

V
ge

ne
Fq

 (%
)

�20

�10

0

10

0 10 20 30

D
iff

er
en

ce
 fr

om
 b

as
el

in
e 

V
ge

ne
Fq

 (%
)

IGHG1

IGHG2

IGHG3

B05

B07

B08

B09

B12

B13

B16

B25

B27

B35

B42

B54

B71

B75

B78

B83

B88

B90

B94

B95

Individuals

2 = -0.57
= 1.32e�96

2 = -0.65
= 3.68e�134

2 = -0.65
   = 1.58e�138

B

0

1000

2000

3000

0

500

1000

1500

0

100

200

300

400

0

500

1000

1500

2000

IGHG1 IGHG2

IGHA2

**

***
**

***

Measles Vaccine Uninfected

IGHG3

C
ha

o1
 d

iv
er

si
ty

 (n
or

m
.)

Ch
ao

1 
di

ve
rs

ity
 (n

or
m

.)

C
ha

o1
 d

iv
er

si
ty

 (n
or

m
.)

C
ha

o1
 d

iv
er

si
ty

 (n
or

m
.)

0

25

50

75

100

IG
H

A
1*

01

IG
H

A
2*

01

IG
H

D
*0

1

IG
H

E
*0

2

IG
H

G
1*

03

IG
H

G
2*

03

IG
H

G
3*

18

IG
H

G
4*

01

IG
H

M
*0

1

IG
H

M
*0

3

0

25

50

75

100

IG
H

A
1

*0
1

IG
H

A
2

*0
1

IG
H

D
*0

1

IG
H

G
1

*0
3

IG
H

G
2

*0
3

IG
H

G
3

*1
8

IG
H

G
4

*0
1

IG
H

M
*0

1

IG
H

M
*0

3

Time point

PRE

POST

L
a

rg
e

st
 c

lu
st

e
r 

si
ze

 (
%

)

L
a

rg
e

st
 c

lu
st

e
r 

si
ze

 (
%

)

**

*

*

*

Measles Controls

A

C

Measles Vaccine Uninfected Measles Vaccine Uninfected

Measles Vaccine Uninfected

Time point

PRE

POST

Baseline VgeneFq (%) 

Baseline VgeneFq (%) 

Fig. 4. Changes in clonal expansion and BCR diversity in the B memory compartment following measles. (A) Changes in B cell cluster size across isotype-specific B 
memory populations. B cell clusters were defined for each isotype using network analysis (see Materials and Methods). The largest cluster for each isotype was identified 
as the cluster constituting the highest number of BCRs. The size of the largest cluster represents the number of BCRs in this cluster as a percentage of the total BCR reads 
associated with the same isotype. Significance was determined using Wilcoxon rank-sum test: *P < 0.05, **P < 0.01. (B) Relationship between IGHV gene frequency at 
baseline (before MeV infection) and the change in frequency after infection across IgG B memory subsets in measles cases. (C) Genetic diversity across B memory subsets 
measured by the chaoE diversity index (**P < 0.01, ***P < 0.001, Wilcoxon rank-sum test).

 by guest on N
ovem

ber 1, 2019
http://im

m
unology.sciencem

ag.org/
D

ow
nloaded from

 

http://immunology.sciencemag.org/


Petrova et al., Sci. Immunol. 4, eaay6125 (2019)     1 November 2019

S C I E N C E  I M M U N O L O G Y  |  R E S E A R C H  A R T I C L E

7 of 14

The reduction in frequency of previously expanded B cell popula-
tions, together with the changes in IGHV-J composition and increase 
in diversity of switched B memory subsets, suggests a remodeling of 
the B memory pools after measles and a depletion of highly clonally 
expanded IgG+ populations, which are not reconstituted after MeV 
infection. The observed persistent changes in the mutational status 
and IGHV gene usage of IgG+ B memory populations in patients after 
measles are consistent with the delayed reconstitution of the IgG 
memory compartment previously reported to occur up to 6 years after 
B cell–depleting therapy with rituximab (30, 31), suggesting a possible 
similar consequence for MeV-associated lymphopenia. The measles-
associated changes in isotype-specific B memory populations were not 
observed in the uninfected or influenza-vaccinated controls (Fig. 4C) 
and thus are unlikely to represent background variation in B memory 
cell diversity or generation of an antigen-specific response.

Depletion of antigen-specific B cell clones in measles cases 
and evolution of measles-specific response
To test how MeV-induced restructuring of the B memory compart-
ment affects the frequency of antigen-specific B cells present before 
infection, we followed the change in relative frequency of B cell clones 
with identical specificity. There is no generally agreed-upon level of 
CDR3 sequence identity required to infer clonal relationships from 
BCR data, and similarity thresholds <100% do not guarantee true clonal 
relatedness of the respective B cells and recognition of an identical 
antigen. Therefore, we used the most conservative definition of clonally 
related sequences (BCRs with the same IGHV, IGHD, IGHJ gene 
annotation, and identical CDR3 amino acid sequence) to ensure strat-
ification of the BCR repertoires into groups of sequences with identical 
antigen specificity. We refer to these BCR groups as B cell “clones.”

Uninfected and vaccinated controls maintained highly correlated 
frequencies of BCR clones across time points (R2 = 0.76, P = 0.006), 
consistent with a lack of substantial BCR genetic restructuring 
(Fig. 5A). By contrast, patients with measles exhibited lower clonotype 
overlap across time points compared with control cohorts (median, 
21 clonotypes for patients with MeV compared with 53 for controls) 
and nonsignificant correlation in frequency of shared clonotypes 
(R2 = 0.36, P = 0.118) (Fig. 5B). The majority of measles cases expe-
rienced a reduction in relative abundance of clones present before 
infection, consistent with the immune amnesia hypothesis (12) and 
functional loss of previous immunity.

Because the recognition of MeV by the immune system is mediated 
via conformational epitopes (32), there is not a reliable recombinant 
protein probe for sorting of MeV-specific B cells to enable the direct 
quantification of antigen-specific B cell populations. However, the 
successful generation of measles-specific immune responses was evi-
dent from the detection of IgM and IgG MeV-specific antibodies in 
serum of the infected patients (table S1), demonstrating the generation 
of functional antigen-secreting plasma cell populations (17). The evo-
lution of MeV-specific immune responses, together with the reduced 
frequency of preexisting B memory clones, suggests a restructuring 
in the B cell compartment, where the depletion of B memory clones 
is masked by the evolution of MeV-specific response. This lymphocyte 
dynamic resolves the lymphopenic state but does not necessarily 
lead to reconstitution of the preinfection immune diversity.

Clinical consequences of measles-induced B cell impairment
To investigate whether the clinical consequences of the observed 
changes in B cell genetic diversity, we tested the effect of morbillivirus 

challenge on vaccine-induced immunity to influenza virus in ferrets 
infected with canine distemper virus (CDV). CDV is closely related 
to MeV and can be used as a surrogate model for MeV infection 
with associated virus-induced lymphopenia (33). Two groups of four 
ferrets were first vaccinated with live-attenuated influenza vaccine 
(LAIV) and followed over a period of 4 weeks to allow for develop-
ment of immunity to influenza vaccine antigens (Fig. 6A). At 4 weeks 
after vaccination, one of the groups was subjected to challenge with 
a nectin-4–blind CDV, which retains the immunosuppressive char-
acteristics of a lethal wild-type virus but no longer causes clinical 
disease (34). The CDV uninfected group maintained high levels of 
influenza-specific neutralizing antibodies 14 weeks after vaccination. 
By contrast, CDV infection led to a depletion of serological memory 
and a significant reduction in the titers of influenza-neutralizing 
antibodies compared with unchallenged and unvaccinated controls 
(LAIV + CDV group, Fig. 6A). Because the typical antibody half-life in 
ferrets is 1 to 4 days (35), the maintenance of high level of influenza-
neutralizing antibodies is reliant on antibody-producing plasma cells. 
This B cell population appears to be successfully generated after 
influenza vaccination (LAIV group, Fig. 6A) but impaired after 
CDV challenge, leading to depletion of neutralizing antibodies 
(LAIV + CDV group, Fig. 6A).

In addition to the compromised serological memory, and despite 
the resolution of lymphopenia (Fig. 6B), CDV-infected animals 
exhibited impaired B memory recall responses characterized by an 
inability to generate influenza-neutralizing antibodies after influenza 
H1N1 virus challenge. The compromised immune recall response 
leads to higher virus titer (Fig. 6C) and increased severity of clinical 
symptoms 4 days after infection (Fig. 6D). The depleted protective 
antibody titers and the limited capacity for B memory recall in the 
ferret model suggest that the observed immune restructuring after 
morbillivirus infections results in a compromised preexisting immune 
state, which could contribute to increased severity of secondary 
infections. Such a clinical consequence of measles can explain the 
observed increase in the rate of secondary infections after measles 
due to the loss of immune protection (5).

DISCUSSION
The majority of measles-associated deaths and clinical complications 
are due to secondary infections that occur as a result of immuno-
suppression (36, 37). This clinical consequence of measles can be 
detected on a population level even in developed countries where 
there is a significant link between measles incidence and total burden 
of infectious disease mortality (5, 6). Despite the substantial clinical 
impact of measles, the immunological underpinnings of measles 
immunosuppression remain incompletely understood.

Various in vitro models have suggested suppression of lymphocyte 
proliferation and altered cytokine response as possible mechanisms 
contributing to measles-associated immunosuppression (9–11, 38, 39). 
However, these observations are not consistent with in vivo macaque 
models and naturally infected individuals where measles results in 
successful activation and marked expansion of MeV-specific lympho
cytes, followed by resolution of viremia and lymphopenia (4, 13). 
Quantitative characterization of lymphocyte populations in infected 
individuals shows a reduction in specific B and T memory cell subsets 
coupled to increase in transitional B cells (17). However, quantifying 
cell populations based on fluorescence-activated cell sorting (FACS) 
analysis makes it difficult to identify the loss of specific B memory 
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clones present before infection and the repopulation of B cell sub-
sets with novel B cell clones.

Therefore, we used the genetic sequence of the BCRs as a barcode 
unique for each cell, which can be tracked before and after infection 
to distinguish between previously available and recently repopulated 
B and T cell memory pools. Immunoglobulin sequencing has been 
previously demonstrated as a reliable tool for characterization of B cell 
populations of different (sub)classes (20). Using this isotype-resolved 
sequencing approach, we identified long-term genetic restructuring 
in the B naïve and B memory compartments that would be un
detectable using traditional FACS-based phenotyping and absent in 
the uninfected and vaccinated control cohorts of our study. Our 
results demonstrate two modes of immune restructuring after MeV 
infection: (i) an incomplete bone marrow reconstitution of naïve B cell 
diversity leading to immunological immaturity despite resolution 
of clinical symptoms and (ii) a depletion of previously generated 
immune memory, which is maintained beyond the period of lympho-
penia and can be masked by the immune activation after measles.

Under normal physiological conditions, the B cell naïve com-
partment is continuously repopulated with bone marrow–derived 
B cells via a negative feedback loop mechanism of regulation by 
mature B cells (40). This ensures a highly stable pool of naïve B cells 
with a broad range of potential antigen specificities encoded in the 
diversity of the recombined BCR genes. The severe contraction of 
immune diversity in the naïve compartment in ~10% of our measles-
infected cohort and the shift to immunological immaturity of their 
BCR repertoires suggest a compromised bone marrow reconstitution 
of B cell diversity. Similar effects on the B cell homeostasis have 
been previously described in nonobese diabetic/severe combined 
immunodeficient (NOD/SCID) IL-2Rc

−/− mice, where MeV infec-
tion of HSCs impairs the short-term ability to reconstitute the B cell 
compartment (41). There is no evidence that these observations are 
technical artifacts (see the Supplementary Materials), and the pro-
portion of cases exhibiting this extreme phenotype is consistent 
with the reported frequency of secondary infections in the minority 
of measles cases (6). It is expected that the notable naïve compart-

ment restriction in these individuals does not occur in all infected 
individuals, because such high prevalence would result in substan-
tially higher incidence of post-measles complications than currently 
reported. However, if the ~10% frequency observed in our study is 
representative of the global frequency, then the true extent of the 
public health consequences of measles is likely to still be underesti-
mated. Further studies of the immune consequences of MeV infec-
tion in measles-endemic areas, particularly those that experience 
higher infectious disease burden than the Netherlands and the 
United Kingdom (6), are urgently needed.

According to the macaque model of measles, MeV replicates 
successfully in bone marrow of infected animals, likely affecting 
plasma cells and hemopoietic stem cells (13, 15). In vitro MeV 
infection is successfully established in both CD34+ CD150− and 
CD34+ CD150+ hematopoietic stem and progenitor cell subsets, 
and virus can be transmitted between stem cells and stromal cells or 
through infected mature B and T cells (41). The ability to exchange 
virus between different cell types populating the bone marrow niche 
suggests that the bone marrow is a possible environment for sus-
tained virus replication. The infection and loss of hemopoietic stem 
cells responsible for the repopulation of B naïve pools is thus a possible 
reason for the observed impairment of naïve B cell diversity. De-
pending on the developmental stage of affected progenitor cells, 
this would lead to either delayed reconstitution of the breadth of the 
naïve compartment or permanent gaps in HSC population, leading 
to limited response to novel antigens. Although it could not be 
demonstrated directly in this study, a similar form of immune im-
pairment could underlie increased susceptibility to respiratory patho-
gens after measles and the development of pneumonia as the most 
common consequence of measles (42). This previously unrecognized 
immunological consequence of measles on B cell homeostasis could 
also explain the beneficial effect of vitamin A therapy to prevent 
measles complications (43) by promoting the regenerative potential 
of hemopoietic stem cells (44).

Although the naïve B cell pools are maintained from bone marrow 
progenitors, the generation of immunological memory occurs in 
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response to antigen stimulation and, for B cells, is mediated through 
the BCR, which drives clonal expansion and generation of memory 
B cells and plasma cells (18, 45). Memory B cells carrying BCR with 
high affinity to previously exposed antigens mediate secondary 
immune responses upon rechallenge, whereas plasma cells are the 
main source of serological immunity and are maintained as termi-
nally differentiated cells in the spleen and bone marrow. By following 
the dynamics of different subclasses of B cells after measles, we 
demonstrate a compromise of immunological memory through the 
depletion of previously expanded B cell clones and incomplete 
genetic reconstitution of both switched and unswitched B memory 
subsets. The reconstituted immune memory pools after measles 
show an increase in genetic diversity, likely resulting from immune 
activation and repopulation of B memory pools with new B cell 
clones. Such B cell repopulation is consistent with the observed 
increase in transitional B cells in measles-infected individuals (17). 
The increase in diversity of IgG subsets could also be explained by 

repopulation of B memory pools with short-lived class-switched 
IgG with likely polyreactivity, as previously described (46).

It is difficult to determine the relative contribution of B cell 
depletion to B cell repopulation in the observed change in relative 
frequency of clones present before measles. However, B memory 
cells are the main cell type subject to MeV infection (15), and signif-
icant depletion of B memory cells after measles in the same cohort 
has been previously described by analyzing cell surface markers 
(17). Therefore, we do not expect that the reduction in relative 
abundance of clones present before infection to be simply a result of 
repopulation of B memory pools with newly expanded clones. 
Because the B cell population in the blood cannot grow indefinitely, 
the fact that the relative frequency of previously generated immune 
memory is reduced in peripheral blood would mean that upon re
exposure to an antigen, the probability of encounter of a specific 
B memory cell and efficient generation of a recall response will be 
lower even if not all previously generated B memory clones are lost.

In
flu

en
za

 n
eu

tr
al

iz
in

g
 a

nt
ib

od
y 

tit
er

 (
lo

g 10
)

A

0

2

4

6

5

C
lin

ic
al

 s
co

re

*
*

2 3 4

Cohort

Days after H1N1 challenge

Lo
g 1

0(
T

C
ID

50
/m

l)

B

C

Days after H1N1 challenge

1. LAIV

2. LAIV + CDV

3. Control

Sampling week

1e+01

1e+03

1e+05

1e+07

6

Cohort

1. LAIV

2. LAIV + CDV

3. Control

P = 0.02

Cohort

1. LAIV

2. LAIV + CDV

3. Control

D

10
3  

P
B

M
C

/m
m

3

0.3

1.0

3.0

10.0

*
*

*

ns ns

LAIV H1N1CDV

1

10

100

15

2 4

0 5 10 150 5 10

LAIV H1N1CDV

** **

**

Cohort

1. LAIV

2. LAIV + CDV

3. Control

Sampling week

Fig. 6. Effect of lymphotropic morbillivirus challenge on vaccine-acquired immunity in a ferret model of measles. (A) Influenza-neutralizing antibody titers of fer-
rets after vaccination with LAIV vaccine, challenge with nectin-4–blind CDV, and live influenza virus challenge. Animals not subject to vaccination and CDV infection were 
used as a “Control” group. Significance of the differences in neutralizing antibody titer was determined using Wilcoxon rank-sum test: **P < 0.01. (B) Changes in lympho-
cyte counts of ferrets after vaccination with LAIV with or without an infection with CDV. Significance of the difference in lymphocyte counts across cohorts was deter-
mined using Wilcoxon rank-sum test: *P < 0.05, “ns” P > 0.05. (C) Titers of influenza H1N1 virus in nasal swabs of animals after intranasal challenge with H1N1pdm09 at 
week 18 (10 weeks after CDV challenge). Significance of the difference in virus titers was determined using Wilcoxon rank-sum test. (D) Severity of ferret clinical symp-
toms, based on a combined clinical score of body weight and temperature (see Materials and Methods), after influenza virus challenge. Significance of the difference in 
clinical score was determined using Wilcoxon rank-sum test: *P < 0.05.

 by guest on N
ovem

ber 1, 2019
http://im

m
unology.sciencem

ag.org/
D

ow
nloaded from

 

http://immunology.sciencemag.org/


Petrova et al., Sci. Immunol. 4, eaay6125 (2019)     1 November 2019

S C I E N C E  I M M U N O L O G Y  |  R E S E A R C H  A R T I C L E

10 of 14

In addition to the role of depleted immune memory cells in 
recall responses, the long-term maintenance of plasma cell pools to 
a specific antigen is dependent on the continuous reactivation of 
B memory subsets to the same antigen and their migration to the 
bone marrow (47). Therefore, the depletion of B memory popula-
tions would not only limit the ability to generate a recall response to 
previously encountered antigens but also likely impair the ability to 
maintain plasma cell pools able to provide serological immunity.

The direct clinical consequences of the observed B cell genetic 
restructuring are difficult to ascertain in the studied cohort due to 
the unavailability of samples from the studied subjects at later time 
points. Such samples are extremely difficult to collect, given the age 
of the children and the specific religious beliefs of the community. 
However, the animal model of measles demonstrates directly the 
depletion of serological immunity, the impaired recall response to a 
previously encountered antigen, and the increased severity of sec-
ondary infection, suggesting a loss of vaccine-acquired immunity as 
a clinical consequence of measles. The observed consequences of 
measles in the human cohort and in the ferret model are consistent 
with the clinical picture of patients after B cell–depleting therapy 
with the anti-CD20 antibody rituximab. The specificity of rituximab 
to CD20-expressing B cells enables the distinction of clinical symptoms 
driven specifically by B cell impairment. Patients treated with rituximab 
exhibit a delayed repopulation of B memory subsets several years 
after therapy (30, 48) and an inability to generate protective sero-
logical response to follow-up vaccination (49, 50). This impaired 
immunoglobulin response to vaccination is specific to B cell depletion 
and is not observed in other types of generalized immunosuppression 
(51), demonstrating that the impairment of B cell compartment 
alone is sufficient to compromise the protective immunity and 
recall responses to previously encountered antigens.

Our findings provide a biological explanation for the observed 
increase in childhood mortality (5) and secondary infections several 
years after an episode of measles (6). In addition to the direct 
demonstration of the previously hypothesized immunological 
amnesia, the consequences of measles on naïve B cell homeostasis 
observed here can act as a foundation for future research on the 
bone marrow effects of MeV infection. The depleted B memory 
pools and serological immunity highlights the importance of MeV 
vaccination not only to protect against measles but also for the 
maintenance of immunity to a range of other pathogens, which can 
be compromised after MeV infection. Given the recent record-high 
cases of measles, this work encourages the closer follow-up of 
patients with recent episodes of measles, expansion of measles 
vaccination campaigns, and monitoring of herd immunity to differ-
ent pathogens in countries experiencing measles outbreaks.

MATERIALS AND METHODS
Study design
The main objective of the study was to study the immunological 
underpinnings of measles-associated immunosuppression. We mon-
itored the changes in genetic composition of the B cell compartment 
after measles as a way to characterize the effects of measles on pre-
existing immunity and on the ability of the immune system to maintain 
B cell homeostasis. The measles study cohort included unvaccinated 
children aged 4 to 17 years old without a history of natural measles. 
The participants were from three Orthodox Protestant schools in the 
Netherlands with vaccination coverage of <20% [for more details, see 

(17)]. The seronegative and vaccinated subjects were collected to be 
used as control groups in this study. Blood sample collection was 
done after verbal assent from participants younger than 12 years old 
or written informed consent from participants aged 12 years and 
older. The parents of the study participants consulted an investigator 
and a research nurse but still refused all vaccinations due to religious 
reasons. The exclusion criteria were chronic disease and immuno-
suppression due to medication. None of the study participants required 
hospitalization due to severe measles. The study protocol was approved 
by the medical ethical committee of Erasmus MC, the Netherlands 
[MEC-2013-302, Centrale Commissie Mensbonden Onderzoek 
(CCMO) register NL45323.078.13/2]. Collection of peripheral blood 
mononuclear cell (PBMC) samples from vaccinated adult volunteers 
was approved under approval number MEC-2015-095. Sequencing 
of the samples was approved by Sanger Institute Ethics Committee under 
Research Ethics Committee approval numbers 14/081 and 18/034 for 
the Orthodox Protestant community cohort and the vaccinated adult 
group, respectively.

The selection of sampling time points in the measles cohort was 
done on the basis of symptoms of ongoing measles disease so that 
the first sample is before any symptoms of measles and the second 
is ~40 days after rash, which is expected to be beyond the period of 
lymphopenia. The children that remained seronegative and the 
adult influenza vaccine controls were sampled at similar intervals to 
the measles cohort (despite the lack of measles) for consistency.

FACS of the PBMC samples and allocation of sequencing lanes 
were performed randomly without the stratification of the case and 
control cohorts. The operator was blinded to the case or control status 
of the samples. Stratification of cases and controls was performed at 
the stage of data analysis to assess the results. Because of the limited 
availability of PBMC samples from the children cohort and the high 
cost of the sequencing experiments, replication of FACS and BCR 
sequencing was not performed. Because of poor polymerase chain 
reaction amplification of the RNA from the naïve compartment of 
the B16 pre-measles sample, the pre- and post-measles naïve com-
partment samples from this individual were removed. Because this is 
the first study of BCR genetic diversity in the context of measles, it 
was difficult to determine sufficient sample size and to perform power 
calculations. However, to ensure that we are observing measles-specific 
effects rather than background genetic variation, we present all results 
as a comparison with uninfected and vaccinated control cohorts.

Human blood samples
Twenty-six children sampled before and after laboratory-confirmed 
measles and 3 children sampled across two time points who remained 
seronegative were used as measles disease and control groups, re-
spectively. Sampling time points and measles seroconversion titers 
are provided in table S1. PBMC samples from seven adults sampled 
before and 40 days after vaccination with TIIV were used as vaccine 
controls. PBMCs were isolated from heparinized blood (from the 
children and adult cohorts) using Ficoll density centrifugation and 
were frozen at −135°C in RPMI 1640 medium supplemented with 
20% fetal bovine serum (FBS) and 10% dimethyl sulfoxide (DMSO).

FACS of lymphocyte populations
Frozen PBMCs were thawed in 7 ml of R10/deoxyribonuclease 
(DNase) solution containing RPMI 1640 media, 10% FBS, and 10 l 
of DNase I (10,000 U/ml, Sigma) per 500 ml, pelleted at 2000 rpm 
for 5 min at 4°C, and washed in 4 ml of phosphate-buffered saline 
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(PBS) twice to remove residual DMSO. After the second washing step, 
supernatant was removed and cells were incubated with antibody 
staining mix (see below) for 20 min. 4′,6-Diamidino-2-phenylindole 
(DAPI) stain was added to each sample immediately before sorting. 
Antibody staining mix contained the following antibodies: fluorescein 
isothiocyanate (FITC)–CD19 (catalog no. 555412, BD Biosciences), 
PeCy7-CD3 (catalog no. 557749, BD Biosciences), phycoerythrin 
(PE)–CD45RA (catalog no. 555489, BD Biosciences), AF700-CD45RO 
(catalog no. 561136, BD Biosciences), allophycocyanin (APC)–CD27 
(catalog no. 558664, BD Biosciences), BV711-CD38 (catalog no. 563965, 
BD Biosciences), and CYTO-COMP beads (catalog no. 6607023, 
Beckman Coulter). Samples were sorted using BD Influx machine 
into five cell populations: CD19+CD27− (B naïve cells), CD19+CD27+ 
(B memory cells), CD19+CD27+ CD38+ (plasmablasts), CD3+CD45RA+ 
(T naïve cells), and CD3+CD45RO+ (T memory cells). Plasmablasts 
were derived only from the individuals sampled <14 days after rash 
and were not used for the analyses in this study. Raw counts of the 
FACS-sorted cell populations for each sample are provided in table 
S2. RNA from sorted B cell populations was used for amplification 
of IGH gene using the isotype-resolved BCR sequencing protocol 
described below.

Library preparation for isotype-resolved sequencing
RNA extraction was performed using RNeasy Mini Kit (Qiagen) 
according to the manufacturer’s protocol. Library preparation for 
isotype-resolved BCR sequencing was performed as previously de-
scribed (20). In brief, reverse transcription (RT) was run as a 20-l 
reaction with SuperScript III (Thermo Fisher Scientific). Reagents 
for each RT step were divided in two mixes: Mix 1 [RNA template, 
five IGHC region reverse primers labeled as “IGHA,” “IGHM,” 
“IGHD,” “IGHE,” and “IGHE” (10 M each reverse primer)] was 
incubated for 1 min at 70°C and then immediately transferred on 
ice for 1 min. Mix 2 [4 l of 5× FS buffer, 1 l of dithiothreitol (0.1 M), 
1 l of dNTP (10 mM), and 1 l of Superscript III] was added and 
incubated at 50°C for 60 min, followed by inactivation at 70°C for 
15 min. Complementary DNA (cDNA) was cleaned up with Agen-
court AMPure XP beads. Cleaned cDNA was amplified with non-
barcoded V-gene multiplex primer mix (“VH1- to VH6-FR1” primers) 
(10 M each forward primer) and “3′ universal” reverse primer (10 M) 
using KAPA protocol. Thermal cycling conditions were as follows: 
one step (95°C, 5 min), 5 cycles (98°C, 5 s; 72°C, 2 min), 5 cycles 
(65°C, 10 s; 72°C, 2 min), 25 cycles (98°C, 20 s; 60°C, 1 min; 72°C, 
2 min), and one step (72°C, 10 min). Nucleotide sequences of all used 
primers described above are provided in table S4.

Sequencing and barcode filtering
MiSeq libraries were sequenced using standard Illumina 300–base 
pair (bp) paired-ended MiSeq protocols. Processing of BCR sequenc-
ing data and correction of technical errors via barcode filtering were 
performed as previously described (20). In brief, MiSeq forward 
and reverse reads with Phred score > 34 were merged on the basis of 
an overlapping sequence of >50 bp. Immunoglobulin isotype identity 
of each read was identified after alignment to the reference constant 
region genes from the International Immunogenetics Information 
System (IMGT) database (http://www.imgt.org). The reads were 
divided in bins on the basis of the barcoded region within each 
reverse constant region primer. Only bins consisting of sequences 
with >80% sequence certainty were retained. All sequences were ex-
amined for intact open reading frame and significant similarity to 

reference IGHV and IGHJ genes from the IMGT using BLAST. Scripts 
for all analyses described above are available from https://github.com/
VelislavaNPetrova/measlespaper/.

Changes in lymphocyte frequencies across time points
Frequencies of sorted B and T cell populations were determined as 
percentage of cells from each population from the total sorted live 
cells per sample. Differences in lymphocyte frequencies for each co-
hort were determined by comparing the frequencies for each indi-
vidual from the respective cohort across time points. Significance 
was determined using Wilcoxon rank-sum test comparing the dis-
tributions of lymphocyte frequencies of individuals from each 
cohort across time points. Significance threshold was determined 
using an  value of 0.05 and Bonferroni correction for multiple test-
ing within each cohort.

Changes in IGHV-J gene and clonotype frequencies for each 
individual across time points
Frequencies of IGHV-J gene combinations were calculated as a per-
centage of the total repertoire (total BCR sequences) for each indi-
vidual. The derived frequencies were then compared using two-sided 
nonparametric Wilcoxon signed-rank test, which does not assume 
that data in each category are normally distributed. The test is based 
on three assumptions: (i) the dependent variable is measured in a 
continuous level (which is the case for IGHV-J gene and clonotype 
frequencies); (ii) the categorical variable consists of matched pairs 
(which is the case in this dataset as the same individuals were sampled 
across two time points); and (iii) the distribution of differences 
between the two related groups is symmetrical (this is ensured by 
the representation of IGHV-J gene frequencies as percentage). 
Significance values were corrected for multiple testing using FDR 
correction, and significance was determined as P < 0.05. The same 
statistical method was also used to compare the changes in clono-
type frequencies for each individual. Clonotypes were defined as 
BCRs with identical IGHV and IGHJ annotation and CDR3 length.

Network analysis
Networks representing BCR diversity in Fig. 2E were derived from 
network analysis as previously described (23). Briefly, each vertex 
represents a unique sequence in which relative vertex size is proportional 
to the number of identical sequence reads after barcode correction. 
Edges are generated between vertices that differ by single-nucleotide, 
non-indel differences. Clusters are collections of related, connected 
vertices. The largest cluster was determined as the cluster constituting 
the largest proportion of the BCR repertoire (in terms of number of 
BCR sequences).

Changes in CDR3 length distribution and mutational 
frequency per IGHV gene
Changes in CDR3 length distribution and mutational frequency 
across time points were determined for the B naïve and B memory 
compartments by comparing the mean CDR3 amino acid length or 
mean mutation from germline [using IMGT (52) annotation] per 
IGHV gene across time points. The total number of BCR reads of a 
given IGHV gene was used for each comparison. Significance was 
determined using paired Wilcoxon signed-rank test. Significance 
threshold was determined using an  value of 0.05 and Bonferroni 
correction for the number of IGHV genes used for the pairwise 
comparisons.
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Frequencies and largest cluster size of isotype-specific  
B memory populations
Frequencies of isotype-specific B memory cell populations were de-
termined as the percentage of total BCR reads from an individual 
that are associated with a given isotype (i.e., contain a given IGHC 
sequence). The size of the largest cluster for each isotype-specific 
population was estimated after performing network analysis of each 
isotype-specific B memory cell population per individual and deter-
mining what proportion of the total isotype-specific BCR repertoire 
(as BCR reads) is distributed within the largest network cluster.

Genetic properties of isotype-specific BCR repertoires
Genetic properties of isotype-specific BCR repertoires were deter-
mined on the basis of CDR3 length, mutation in IGHV gene, total 
IGHV-J gene frequencies, and extrapolated Chao diversity index, 
calculated for each isotype (sub)class. The total number of BCR se-
quences in the B memory compartment for each individual was first 
divided by isotype, depending on the detected IGHC gene. For each 
B memory cell subclass, we determined the changes in mean CDR3 
amino acid length and mutational frequency per IGHV gene as pre-
viously described. The changes in IGHV-J gene usage per each isotype 
were determined as previously described. Extrapolated chao (“chaoE”) 
diversity index per isotype was determined for each individual using 
VDJtools software (53) and compared across time points using paired 
Wilcoxon signed-rank test. IGHV-J gene frequencies were deter-
mined as percentage of each IGHV-J gene combination from the 
total isotype-specific repertoire across individuals and compared 
across time points using paired Wilcoxon signed-rank test.

B memory cell clonal overlap across time points
B memory clones were defined as BCR sequences of any isotype with 
identical IGHV, IGHJ, and CDR3 amino acid sequence. Clonal overlap 
across time points was calculated for each individual using VDJtools 
software (53). The frequency of overlapping clones in each time point 
was calculated as the percentage of the clones from the total B memory 
cell repertoire (total number of BCR sequences) per individual.

Ferret model of immunosuppression
Influenza vaccinations and infection with CDV
Eight male ferrets (Mustela putorius furo) aged 16 weeks or older 
were vaccinated with tetravalent seasonal LAIV (Fluenz Tetra, 
AstraZeneca) containing an H1N1 A/INDRE/Mexico/4487/2009-like 
antigen by intranasal administration. All animal studies were approved 
by the Institutional Animal Care Committee according to German 
and European regulations. One group of four male ferrets was not 
vaccinated. Four weeks after immunization, four ferrets from the 
live-attenuated vaccine group were infected intranasally with 2 × 
105 TCID50 (median tissue culture infectious dose) of recombinant 
nectin-4–blind CDV derived from the 5804PeH CDV strain (33). 
This virus does not recognize the morbillivirus epithelial receptor 
nectin-4 (nectin-4–blind), thereby preventing a lethal viral infection 
in mice. Ten weeks after the CDV nectin-4–blind infection, all the 
animals from each treatment condition were infected intranasally 
with 5 × 105 TCID50 of the virulent 2009 pandemic H1N1 influenza 
virus strain A/INDRE/Mexico/4487/2009 (Mx10) (54).
Blood sampling
Whole blood was collected from ferrets under general anesthesia in 
two lithium heparin tubes per animal. Total leukocyte counts were 
obtained by counting cells after mixing whole blood (10 l) with 3% 

acetic acid (990 l). Heparinized blood was centrifuged for 3000 rpm 
for 15 min to collect plasma, and the remaining cells were mixed 
with three volumes of PBS, overlaid onto Histopaque-1077 cushions, 
and centrifuged for 40 min at 400g. PBMCs were collected and 
washed three times with PBS. PBMCs were then resuspended in 
RMPI 1640 containing 10% FBS and 1% l-glutamine and counted. 
The purified PBMCs were then pelleted and resuspended in RNAlater 
before being frozen at −80°C.

For animals infected with nectin-4–blind CDV, whole blood was 
collected once weekly after infection in Na2-EDTA tubes for virus 
titration. Total leukocyte counts were obtained as described above. 
Blood was centrifuged for 15 min at 3000 rpm, and the plasma was 
harvested. The remaining cells were mixed with five volumes of red 
blood cell (RBC) lysis buffer based on the initial volume of blood 
(~2 ml) and incubated for 10 to 15 min at room temperature. After 
RBC lysis, the cells were centrifuged and washed once with PBS, 
and then resuspended in Dulbecco’s modified Eagle medium (DMEM) 
containing 5% FBS and 1% l-glutamine. Titrations were performed 
by limiting dilution in 96-well plates, and titers were expressed as 
log10(TCID50/106 PBMCs).
Influenza A/INDRE/Mexico/4487/2009 challenge
Ferrets were infected intranasally with 5 × 105 TCID50 of the viru-
lent 2009 pandemic H1N1 influenza virus strain Mx10 (A/INDRE/
Mexico/4487/2009). Nasal washes were performed once daily, and a 
clinical examination was performed twice daily for the first 4 days 
after infection and once on day 7. Nasal washes were kept on ice and 
centrifuged for 1200 rpm for 3 min at 4°C to pellet debris. Nasal 
wash supernatants were transferred to fresh Eppendorf tubes on ice, 
titrated by limiting dilution in 96-well plates, and then incubated 
for 48 hours at 37°C. The medium was then removed from the plates, 
and influenza-infected cell monolayers were washed once with PBS 
diluted one-third in water and air-dried at room temperature for 
15 min. The plates were heat-fixed at 65°C for 8 hours. Influenza-
infected cells were stained with a polyclonal ferret anti-H1N1pdm09 
immune serum at a dilution of 1:500 and a goat anti-ferret horse-
radish peroxidase (HRP)–conjugated secondary antibody (Bethyl 
Laboratories) at a dilution of 1:750. Infected cells were visualized by 
the development of a red precipitate after incubation with 3-amino-
9-ethylcarbazole (Sigma) at room temperature.
Determination of neutralizing antibody titers
Ferret plasma samples were diluted in 50 l per well of serum-free 
DMEM in 96-well plates as described above, starting at a dilution of 
1:10 and continuing until 1:1280. Plasma dilutions were mixed with 
50 l per well of serum-free DMEM containing 1 × 102 TCID50 of 
Mx10. The plasma-virus mixtures were incubated at 37°C for 20 min 
to allow complexes to form, after which they were added to Madin-
Darby canine kidney (MDCK) cells. Neutralization assays were in-
cubated at 37°C for 48 hours and then fixed and stained as described 
above for nasal wash titrations. The primary antibody to detect 
infected cells in neutralization assays was a polyclonal ferret anti-
H1N1pdm09 immune serum at a dilution of 1:500 in 50 l of PBS 
per well, followed by a goat anti-ferret HRP secondary antibody at a 
dilution of 1:750.
Determination of clinical score of disease severity after influenza 
virus challenge
Clinical signs were scored using a 0-1-2-3 scale, with 0 representing the 
baseline physiological state. The assessed parameters were as follows:

1. temperature (<38.5°C/38.5° to 39.0°C/39.0° to 39.5°C/>39.5°C),
2. weight loss (none/0 to 5%/5 to 10%/>10% loss of initial weight),
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3. activity (normal/calm/depressed/inactive),
4. nasal exudate (none/serous/sero-mucous/muco-purulent),
5. congestion (none/mild/intermediate/severe),
6. sneezing (none/rarely/occasionally/frequently), and
7. assessment of labored breathing (none/occasional wheezing/

continuous wheezing/labored breathing).
The scores were added together for each animal at each observa-

tion time point to give the clinical score.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/4/41/eaay6125/DC1
Text. Evaluation of technical accuracy of the obtained BCR repertoires from individuals  
B35 and B42.
Fig. S1. Example of FACS strategy for stratification of lymphocyte populations.
Fig. S2. Repertoire sampling across time points.
Fig. S3. Changes in clonotype composition of the B naïve compartment.
Table S1. Sampling points and clinical features of measles cohorts (in Excel spreadsheet).
Table S2. FACS-sorted lymphocyte counts and frequencies across sampling points (in Excel 
spreadsheet).
Table S3. Read processing information and accession numbers for BCR sequencing data (in 
Excel spreadsheet).
Table S4. Primer sequence information for BCR sequencing (in Excel spreadsheet).
Table S5. Raw data in Excel spreadsheet.

View/request a protocol for this paper from Bio-protocol.
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infection in unvaccinated populations.
documented in this study provide a molecular explanation for the durable ''immune amnesia'' observed after measles 
including a profound skew toward clones with immature features in ~10% of the cohort. The B cell repertoire changes
in controls given a flu vaccination. The naïve B cell repertoire exhibited multiple perturbations after measles infection, 
before infection were depleted in post-measles samples even after lymphocyte counts had recovered, a change not seen
cells in paired pre- and post-measles infection blood samples from unvaccinated children. Memory B cell clones present 
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Measles virus is a highly infectious lymphotropic virus associated with an extended period of immunosuppression
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